Filensin, Intermediate filaments, Lens
The lenticular cytoskeleton
In common with other cells, lens cells possess microfilaments, microtubules and intermediate filaments (Fig. 1) . It is expected that they also perform equivalent functions in the lens as found in other cell types. Thus, the actin cytoskeleton, through the actions of actin binding proteins and motor proteins, will facilitate changes in cell shape, strengthen cell-cell contacts and cell-extracellular matrix interactions, and define plasma membrane compartments. Likewise the microtubule cytoskeleton will direct intracellular transport processes as well as contributing to the distribution of organelles. Intermediate filaments are major structural elements of cells helping them to resist physical stresses, which in the context of the primate lens will include lens accommodation. Of all these cytoskeletal systems it is the intermediate filaments of the eye lens that are the most distinct and for which a direct link with cataract has recently been suggested. (Fig. 2 ). There is a central rod domain, comprising mainly a-helix, which is flanked by non-a helical domains. The N-terminal non-a-helical domain is very important in the assembly of intermediate filaments, whereas the C-terminal non-a-helical domain will contribute to assembly but is more involved in specific functions attributable to that particular intermediate filament protein. The central rod domain forms a coiled coil with a partner a-helix in a parallel, in register fashion. Like other a-helical proteins, the primary sequence can be arranged into a heptad repeat where the first and fourth residues of the repeat are usually hydrophobic to form a seam promoting the formation of the coiled coil. Dimer formation initiates the assembly process. 34 It is thought that the next stage is the four chain unit, which is the soluble form of the intermediate filament proteins found in cells?5 There are conserved sequences located at either end of the central rod domain which are essential for assembly (Fig. 2) . These are the LNDR-and TYRKLLEGE-motifs found at the N-and C terminal ends of the central rod domain. 36, 37 Intermediate filaments themselves are apolar polymers, unlike actin filaments and microtubules which are polar. Soluble intermediate filament subunits can therefore exchange directly with the filament along its length. Tubulin and actin are restricted to exchange events at the ends of microtubules and microfilaments, respectively.38,39
Intermediate filament proteins present in the lens
In the adult vertebrate lens there are at least three different intermediate filament proteins. These include vimentin, CP49 and filensin. 37 The lens has often been used as a source for the purification of vimentin, as it was considered for a long time to be the only intermediate filament protein present in the mature lens.4o Early in development, though, keratins are expressed in the primary lens fibre cells, although these are then 10St. 41 Vimentin itself is found in the epithelial cells and the secondary fibre cells but here the expression is restricted to the younger fibre cells. 42, 43 There is a distinct transition during lens fibre cell differentiation when vimentin is apparently lost from the secondary fibre cells. This point is far deeper in the lens beyond the stage where the cell organelles are 10st.43.44 The lens-specific proteins, CP49 and filensin, are found at all stages of lens fibre cell differentiation including the primary lens fibre cells still found in the mature lens nucleus.43 They are, however, processed during the differentiation process. 45 This information is summarised in 
of the vimentin knock-out where no lens phenotype was observed. 49 The other intermediate filament protein sometimes found in lens epithelium of the mouse is GFAP. So far this has only been found in certain genetic backgrounds.50,51 Its function here is unknown and indeed these claims have yet to be confirmed by independent methods.5o It is mentioned at this point for completeness as well as to illustrate the complexity of the potential expression of intermediate filament proteins in the mouse lens.
There is therefore the possibility of at least three distinct intermediate filament networks being present in lens cells. This is because vimentin and keratins do not co-polymerise with each other and will form independent networks?6 CP49 and filensin do co polymerise37 but are not expected to form filaments with either vimentin14 or keratin.6 Synemin will co-polymerise with vimentin but its ability to co-assemble with CP49 and filensin has yet to be determined. This means that the intermediate filament population is quite heterogeneous in lens fibre cells, which can not necessarily be ascribed the same function(s). As with other intermediate filament proteins, many of the other sequence characteristics important to intermediate filament assembly are found in filensin and CP49. For instance, both proteins have a central ex-helical rod domain which, for filensin, has clearly been shown to be crucial for its assembly and association with CP4917 as for other intermediate filament proteins?6 A large portion of the C-terminal domain of filensin can be deleted without preventing co-assembly with CP49,9 as has been found for other intermediate filament proteins with large non-ex-helical C-terminal domains. Some sequence characteristics of CP495 and filensinlO,ll differ from the consensus sequence described for the intermediate filament protein family,37 and it is these which are thought to contribute to the distinctive assembly requirements and filamentous structures formed by CP49 and filensin proteins.14,16,37 For instance, the rod domain of filensin is missing four heptads in helix 2 compared with CP49. In addition to the altered consensus LNDR-motif found in CP49, filensin also has some changes in the TYRKLLEGE-motif37 that also flanks the central ex-helical rod domain (Fig. 2) . The predicted length differences in the rod domains of CP49 and filensin raise important questions regarding the mechanism of CP49-filensin co-assembly,16,37 because matching lengths of the central ex-helical domain are thought to be an important prerequisite for co-assembly.53 Nevertheless, a recent proposal16 has suggested an elegant model for the incorporation of CP49 (phakinin) and filensin into a mixed polymer16 that can be tested by future experimentation.
In vitro assembly studies with CP49 and filensin14, 16 have shown that, like the keratin class of intermediate filaments, CP49 and filensin require each other to assemble in vitro into intermediate filaments. 6, 14 There is still some discussion concerning the preferred ratio of CP49 to filensin for assembly, which is between 3:16 and 2:1.14 The formation of 10 nm intermediate filaments in vitro has then to be reconciled with the observation that, in the lens, CP49 and filensin are components of a lens-specific cytoskeletal filament called the 'beaded filament'. Previous biochemical and immunological investigations15.54-56 had confirmed the presence of CP49 and filensin in these filaments but were unable to apportion unequivocally either one of the proteins to the bead or backbone component of the beaded filament. Given the unique morphology of the beaded filament and that two lens-specific proteins are intimately involved in the filament, the structure and function of this lens-specific cytoskeletal element is a very important issue that needs to be resolved. In vitro assembly studies have shown that intermediate filaments with similar morphology to the beaded filaments can be generated by mixing ex-crystallins in with the CP49 / filensin assembly mixture. 14,37
Proteolysis of filensin/CP49 and vimentin filament networks during lens cell differentiation
Proteolysis is a major influence on calf lens proteins including the filament networks. Indeed, vimentin and spectrin are substrates for calcium-dependent proteolytic enzymes.57 Filensin is also a target of the calcium activated protease calpain58 and it is extensively processed within the lens.45 Two major species are generated from filensin that encompass the non-ex-helical N-terminal head and rod domains (termed the 53 kDa fragment9) and the C-terminal non-a-helical domain (apparent mobility equivalent to -62 kDa by SDS-PAGE58), indicating that one major site for filensin proteolysis is located close to the junction of the head/rod domain with the tail domain. The processing produces many fragments and there is evidence that it involves more than one pathway. 45 Comparisons of the C-terminal sequences from rat, mouse, chicken and bovine filensin9 reveal a conserved motif very close to this site, and it is tempting to speculate that it is involved in directing the processing events, pOSSibly producing two protein products with different functions.
Removal of the C-terminal tail domain does not affect filament stability since the naturally occurring 53 kDa fragment of filensin is itself sufficient for co-assembly with CP49.9 Thus the N-terminal head/rod domain of filensin and CP49 would be expected to remain in a filamentous form during lens fibre cell ageing. There are changes in the subcellular distribution of filensin fragments during fibre cell differentiation. For instance, the C-terminal tail domain of filensin becomes preferentially associated with the plasma membrane of the 'nuclear' fibre cells. 45 Previous investigations have revealed that the C-terminal tail domain of filensin can interact tightly with the fibre cell plasma membrane,6o although the 'receptor' has yet to be identified. When seen in the context of the poor sequence conservation of the C-terminal non-a-helical domain of filensin across species, it is difficult to speculate on a specific function for this domain once located to the plasma membrane.
CP49 is also proteolytically processed during lens fibre differentiation, yielding a major breakdown species of 40 kDa.61 CP49 lacks a C-terminal tail domain and consequently the extent of processing is less when compared with filensin. Analysis of the solubility properties of CP49 during lens fibre cell maturation also reveals a progressive redistribution to the insoluble fraction of the lens.45 However, there is currently no evidence to suggest that filensin is extensively phosphorylated in vivo. Proteolysis is therefore a key regulator of filensin function in the lens whereas the contribution of phosphorylation to these functions has yet to be determined.
Intermediate-filament-associated proteins Within the lens the a-crystallins are intimately associated with the lens cytoskeleton13,19 and the 'beads' of beaded filaments have been proposed to be associated a-crystallin particles.14 The a-crystallins are essential to lens function as realised by the discovery of mutations that disrupt their function in the lens.18,26 Although both aA-, aB-crystallin and the double-knockout mouse have recently been established,83 the effect of the removal of aA-crystallin on the lens cytoskeleton, in particular on the vimentin network and the CP49/filensin networks, has yet to be assessed. It is possible that the association of a-crystallins regulates intermediate filament sensitivity to proteolysis, or perhaps the association is more to assist the chaperone function of the a-crystallins by providing a solid-phase support in the form of the intermediate filaments. These and other questions must be addressed in future investigations.
Conclusion
Collectively these data confirm CP49 and filensin as two key lens-specific proteins. The future elucidation of the precise role that these proteins play in the lens and identification of those proteins with which they interact in the cytoplasm and at the plasma membrane are therefore of fundamental importance to the understanding of lens fibre cell differentiation and the potential role that CP49 and filensin play in cataractogenesis. In the context of inherited cataract, details of the chromosomal location for the lens intermediate filament proteins as well as intra genic markers are required. CP49 locates to chromosome 3q21-2S84 and filensin is found on chromosome 20pl1.23-12.1? but so far the only intra genic marker identified is for CP49 (Carter et aI., manuscript in preparation). Once these molecular tools are available the search for mutations in CP49 and filensin causing lens pathologies can begin.
